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METHOD AND SYSTEM FOR IN SITU
SPECTROSCOPIC EVALUATION OF AN
OBJECT

necessitate time-consuming analysis of the sWabs. Addition
ally, manual sWabbing procedures are prone to incomplete
analyte recovery from the surface or the sWap. Total analysis

time for the sWabbing technique is extensive, resulting in
lengthy doWntimes for the pharmaceutical process equip
ment. Although rinse matrix testing does include sampling

This application claims the bene?t of the US. Provisional

Patent Application Ser. No. 60/716,071, ?led Sep. 12, 2005.
This invention Was made With Government support under
the NSF IGERT program. The Government may have certain

from the entire surface, this technique includes a more dif?

cult method validation, dilution and analyte solubility and
detachment issues. Like the sWabbing technique, rinse testing
disadvantageously requires estimation of the quantity of ana

rights in this invention.
TECHNICAL FIELD

evaluation of analytes and objects, and more speci?cally to a

lyte remaining on the surface.
It also is desirable to evaluate pharmaceutical products for
certain desired characteristics. For example, in the manufac
ture of pharmaceutical tablets, it is desirable to control such

spectroscopic method and system for quickly determining the

characteristics as the hardness and moisture content of drugs

presence or absence of an analyte of interest or the presence or

20

in tablet form. Appropriate hardness of the tablet insures that
the tablet Will meet any required friability standards by retain
ing its structural integrity and not crumbling or poWderiZing
prior to usage. Control of the moisture content of pharmaceu
tical tablets also is important, particularly for biotechnology

25

products. Moisture content beloW an optimal level may alloW
the ingredients of the tablet to denature. Moisture content
above an optimal level may alloW the ingredients of the tablet
to react. While tablets and other object can be tested for
characteristics such as hardness and moisture content, prior

The present invention relates generally to the spectroscopic

absence of desired characteristics of an object.
BACKGROUND OF THE INVENTION

In recent years, the issue of cleaning validation in pharma
ceutical manufacturing processes has groWn signi?cantly.
The purpose of cleaning validation is to accurately verify that

potentially harmful compounds have been removed (beloW
acceptable limits) from surfaces in process equipment prior to
its use for another purpose. In the pharmaceutical industry,

art testing for these characteristics typically is conducted only

the need for adequate veri?able cleaning, and thus cleaning

on a sample basis (as for example on a sample siZe equal to the
square root of n+1 for n tablets), involves substantial time and

validation, occurs in a number of instances, as for example
When equipment is used for processing tWo or more different

active pharmaceutical ingredients sequentially or Wherever

effort, and results in destruction of the tested samples.
30

cross-contamination betWeen the products can have deleteri
ous consequences. Additionally, it may be desirable to insure
that the surfaces of process equipment do not contain residue

from cleaning agents used in the cleaning process. Adequate
cleaning of pharmaceutical process equipment is essential for
the production of high quality pharmaceuticals, the elimina

SUMMARY OF THE INVENTION

It is an object of at least one embodiment of the present
invention to obviate one or more of the shortcomings of prior
35

art cleaning validation methods.
It is another object of at least one embodiment of the

tion of contaminated drugs, and the avoidance of di sruption of

present invention to provide an improved method and system

the manufacturing processes (With the possible consequence
of losing the availability of essential drugs).
Increased interest in cleaning validation during the past

analyte of interest.

for in situ rapidly determining the presence or absence of an
40

of an analyte of interest in situ.
It is an object of another embodiment to provide a method

ing validation by regulatory agencies. Highly publiciZed
instances of pharmaceutical contamination, such as the 2004
contamination of approximately one-half of the United States
in?uenza vaccine, are likely to further enhance industry
aWareness and regulatory attentiveness to the problem.
Another factor for the increased interest is the trend toWard

the use of pharmaceutical manufacturing equipment and
facilities for the manufacture of multiple products to increase

Another object of at least one embodiment is to provide a

method and system for rapidly determining the concentration

several years has been driven by a number of factors. One
factor for this increased interest is the attentiveness to clean

and system for mapping the locations of different anyaltes.
45

A further object of at least one embodiment is to provide a

method and system for simultaneously mapping the locations
and concentrations of different analytes.
An object of at least one embodiment of the present inven
tion is to provide a method and apparatus that eliminates the
50

inadequacies associated With surface sampling procedures
for cleaning validation procedures in pharmaceutical process

manufacturing ef?ciency. A rapid, inexpensive veri?able
method of validating adequate cleaning of pharmaceutical

equipment.

process equipment and process line signi?cantly promotes
the economic viability of using the equipment for multiple

invention to provide a rapid method for determining the pres

products. Among other advantages, utiliZing pharmaceutical

It is an object of at least one embodiment of the present
55

manufacturing equipment and facilities for multiple products
facilitates cost-ef?cient development of pharmaceuticals for
smaller demographics.
Prior art approaches to cleaning validation have focused
upon collecting samples of residues on the surfaces to be

Another object of at least one embodiment is to provide a

remote spectroscopic cleaning validation system for pharma
ceutical process equipment that does not require imaging
60

optics.
A further object of another embodiment of the invention is
to provide a system and method for quickly spectroscopically
evaluating a pharmaceutical or non-pharmaceutical object for

validated, folloWed by quantitative analysis of the collected
samples. Traditionally, this has been done either by analyZing
samples collected by sWabbing a portion of the surface or by
analyZing a rinse matrix collected after the surface has been
cleaned. These prior art methods have substantial shortcom

ence or absence of contaminants on surfaces of pharmaceu

tical process equipment.

characteristics of interest.
65

The above objects are provided merely as non-limiting

ings. SWabbing techniques require manually sWabbing the

examples, and do not de?ne the present invention or neces

entire surface of interest to assure complete coverage, and

sarily apply to every aspect thereof. Additional objects,

US 7,557,923 B2
3
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advantages and other novel features of the invention Will be
set forth in part in the description that follows and Will also
become apparent to those skilled in the art upon consideration
of the teachings of the invention.

When the scattered light detected by the detector corresponds
to the spectral emission values in at least one of the tables.

According to another exemplary embodiment, the plurality

situ the presence of an analyte ?lm, such as a bio?lm or other
chemical ?lm or residue, on the surface of an object. The

of Wavelengths of collimated light emitted toWard the surface
are selected to correspond to discriminating scattering and
absorption bands of an analyte of interest.
In another exemplary embodiment, the light detector
receives scattered light from the surface Without intervening

system includes a collimated light emitting array source

focusing optics.

To achieve one or more of these objects, one embodiment

of the present invention includes a system for determining in

capable of emitting modulated light pulses having a plurality

In another exemplary embodiment, the amount of light

of different Wavelengths of light aimed at a plurality of dif

energy per unit time emitted toWard the surface is varied

ferent locations on a target surface of an article to be tested.

selectively among the different modulations of Wavelengths

The light emitting source modulates each of the different
Wavelengths With a modulation uncorrelated to each of the

to vary the amount of scattered light from an analyte of
interest as a function of the analyte’s concentration.
In another exemplary embodiment, the selection of Wave

other different Wavelengths so as to substantially eliminate

5

covariance betWeen light of differing Wavelengths. The

lengths emitted from the light source and the spectral re?ec

amount of light energy per unit time that is emitted toWard the
target surface also may be varied. A Wide band light detector

tance values in at least one table are empirically derived.

for receiving light scattered back from the target surface is

validating cleaning of pharmaceutical process equipment is

According to another exemplary embodiment, a system for

provided Without intervening focusing optics. A processor for
calculating the covariance betWeen scattered light received
by the light detector and the pulse sequence applied to each
collimated light emitting array element is provided for calcu
lating and generating a signal representative of the presence

20

or absence of an analyte or characteristic of interest. The light
detected over a multiple of Wavelengths can be used to gen

25

erate a signal representative of the analyte concentration.
In one exemplary embodiment, the amount of light energy
per unit time emitted toWard the target surface is varied by
varying the intensity of light emitted at different modulations
of the plurality of the Wavelengths.
In another exemplary embodiment, the amount of light
energy per unit time emitted toWard the target surface is

capable of emitting modulated light pulses having a plurality

According to one exemplary embodiment, the light emit

by varying the duty cycle of the pulses.

substantially eliminate covariance betWeen pulses of differ
ing Wavelength. A Wide band light detector is provided for
30

emitting source. A processor has a memory associated With it
having at least one stored table of spectral emission values

representative of discriminating spectral re?ectance charac
35

teristics of an analyte of interest. The processor is operative to
generate a signal in response to correspondency betWeen

scattered light received by the detector and the spectral emis
sion values in at least one table.
40

In another embodiment, the light emitting source includes
an array of light-emitting laser diodes arranged in a predeter

mined spatial relationship to the other diodes With the posi

With the processor, and the memory has at least one stored
45

interest. The signals observed at the detector are dependent

upon the correspondence betWeen the scattered light received
by the detector and the spectral emission values in at least one
of the stored tables.

According to another exemplary embodiment, the memory
has a plurality of stored tables of spectral re?ectance values,

detecting light scattered from the target surface in at least the
ultraviolet, visible light and infrared ranges of the electro

magnetic spectrum, the detector being spaced from the light

In another exemplary embodiment, a memory is associated

table of spectral emission values representative of discrimi
nating spectral re?ectance characteristics of an analyte of

of different Wavelengths of collimated light toWard a target
surface of pharmaceutical process equipment to be tested.
The light emitting source modulates the pulses of each of the
different Wavelengths With a different orthogonal pulse
sequence relative to the other modulated Wavelengths so as to

varied by varying the duty cycle of the emitted light.
ting source modulates each of the pulses of different Wave
lengths With a different orthogonal pulse sequence uncorre
lated to the other modulated Wavelengths, and the amount of
light per unit time emitted toWard the target surface is varied

provided. The system includes a light emitting array source

tion of each diodes selected to correspond to a different posi
tion of the target surface.
In another exemplary embodiment, a method is provided
for determining Whether a pharmaceutical product has a pre
determined attribute. At least one table of spectral emission
values representative of at least one discriminating spectral
re?ectance characteristic of a predetermined attribute of a

50

pharmaceutical product is created. Modulated light is emitted
having a plurality of different Wavelengths of collimated light
directed toWard the product With the different modulations of
the plurality of Wavelengths being uncorrelated to each of the

the plurality of stored tables having spectral re?ectance val
ues representative of multiple levels of concentration of an

other modulated Wavelengths so as to substantially eliminate

analyte of interest.

covariance betWeen light of differing Wavelengths. A single

tance values representative of discriminating spectral re?ec

detector is used for detecting light scattered back from the
product and a signal is generated When the scattered light
received by the detector corresponds to the spectral emission

tance characteristics of an analyte of interest is created.

values in at least one of the tables.

In another embodiment, a method for analyZing a surface
of interest is provided. At least one table of spectral re?ec

Modulated light having a plurality of different Wavelengths of
collimated light With different modulations of the plurality of

55

60

In another exemplary embodiment, a method is provided
for determining Whether a pharmaceutical product has a pre

Wavelengths is directed toWard the surface. The different

determined physical feature or location. At least one table of

modulations are uncorrelated to each of the other modulated
Wavelengths so as to substantially eliminate covariance

spatial emission values representative of at least one discrimi
nating spatial characteristic of a predetermined attribute of a

betWeen light of differing Wavelengths. A single Wide band
detector is used for detecting light scattered back from the
surface in at least the ultraviolet, visible light and infrared
ranges of the electromagnetic spectrum. A signal is generated

65

pharmaceutical product is created. Modulated light is emitted
having a plurality of different Wavelengths of collimated light
directed toWard the product With the different Wavelengths of
light being uncorrelated to each of the other modulated Wave

US 7,557,923 B2
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lengths so as to substantially eliminate covariance betWeen

Wavelengths, With the different modulations of each emitter

light of differing Wavelengths. Modulated light is also emitted
having a plurality of different aim points of collimated light
toWard the product With the different modulations of the
plurality of aim points being uncorrelated to each of the other

(Wavelengths and aiming points) being uncorrelated to each
of the other Wavelengths and aiming points so as to substan

tially eliminate covariance betWeen light of different emitting
elements. As Will be explained in greater detail beloW, the
amount of light per unit time may be varied among the dif
ferent Wavelengths to facilitate quanti?cation of the concen
tration of an analyte of interest.
The target surface 14 can be any surface to be tested for the
presence or absence of an analyte of interest, as for example
a land or soil surface. For purposes of describing the particu

modulated aim points so as to substantially eliminate covari

ance betWeen light of differing aim points. A single detector
is used for detecting light scattered back from the product and
a signal is generated When the scattered light received by the
detector corresponds to the spatial emission values in at least
one of the tables.

lar exemplary embodiment illustrated in the draWings, hoW
BRIEF DESCRIPTION OF THE DRAWINGS

ever, the target surface 14 Will be assumed to represent a

surface of pharmaceutical processing equipment. The mast

The accompanying draWings incorporated in and forming

12 also supports a light detector 16, Which is spaced from the
emitting source by as much distance as practical to permit the
light detector 16 to detect diffusely scattered light instead of
specular re?ectance. In the exemplary embodiment illus

a part of the speci?cation, illustrate several aspects of the
invention, and together With the description serves to explain
the principles of the invention. In the draWings:
FIG. 1 is a schematic representation of system for remote in

situ cleaning validation of target surface;

trated, the light detector is single multicolor detector capable
20

FIG. 2 is schematic representation of an array of laser

diodes for sequentially emitting light pulses toWard a target

surface;
FIG. 3 is graph depicting representative orthogonal pulse
sequencing for three laser diodes;

25

FIG. 4 is graph depicting the sum Waveform of three scat
tered light signals returned from a target surface and received

FIG. 2. This particular exemplary embodiment includes a

rectangular array of laser diodes. Although the speci?cally
30

and location of an attribute on a target surface from spectral

emission characteristics;

each column of the array emitting a light at a certain Wave

length. In one exemplary embodiment, the light emitting
35

source emits radiation With multiple Wavelengths in the near
infrared range, i.e, from 770 nm to approximately 3100 nm.

The Wavelengths selected for a particular application, hoW

tector and the amount of analyte on a target surface.
Reference Will noW be made in detail to exemplary

embodiments of the invention, an example of Which is illus

illustrated embodiment utiliZes a rectangular array, many
other types of light emitting sources can be used. In the form

illustrated, the array is formed of columns and roWs, With

FIG. 6 is a schematic plan vieW of a simpli?ed form of an

equipment setup used to collect scattered light images from a
slide surface; and
FIG. 7 is a graph depicting an exemplary proportionality
betWeen the amount of scattered light received by a photode

processor 17 (including a memory) receives a signal from the
light detector 16 and calculates the covariance of the scattered
light it receives. The processor 17 then compares the scattered
light values received to spectral re?ectance values stored in at
least one table in the processor’s memory.

One potential type of light emitting source 10 is depicted in

by a photodetector;
FIG. 5 is a schematic depiction illustrating hoW a simpli
?ed light emitting array can be used to identify the existence

of detecting scattered light in at least the ultraviolet, visible
light and infrared ranges of the electromagnetic spectrum. A

ever, are dependent upon the analyte on the target surface to
be tested. More speci?cally the Wavelengths are selected to
40

trated in the accompanying draWings.

correspond to the characteristic absorbencies of the analyte of
interest. As speci?cally illustrated, the array includes ?ve

columns of diodes, designed by the designations 10a, 10b,
DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

10c, 10d, and 10e. The diodes ofthe columns 1011 through 10e
respectively emit light at Wavelengths of 375 nm, 1064 nm,
45

The exemplary illustrated embodiments relate to a system

1550 nm, 1720 nm and 1940 nm. These particular Wave

lengths Were selected for purposes of illustration in the illus
trated exemplary embodiment to detect the presence or

for validating cleaning procedures on surfaces, particularly
for surfaces of pharmaceutical process equipment. These

absence of bovine serum albumin on the target surface 14.

exemplary embodiments spectroscopically examine target

The illustrated diodes 10 also have a predetermined spatial

surfaces in situ to determine the presence or absence of par

50

ticular analytes on the surfaces, and, if the analyte is present,

vertical positions of the diodes of the array correspond to
different vertical positions on the target surface 14. Each of
the Wavelengths of light are aimed at a plurality of different

to determine Whether the amount of the analyte is beloW
acceptable limits. In general, a target surface of interest is

illuminated simultaneously With sequenced light pulses of
different Wavelengths at different locations from a light emit
ting array source. The Wavelengths of light directed toWard

locations on the target surface of the article to be tested. The
55

the target surface are selected to correspond to absorbances or

other characteristics of the analyte of interest. Light returned
from the target surface is collected and the light scatter in the
returned light is measured and used to determine Whether the
analyte of interest is present, and if so, the concentration of

60

In accordance With the principles of one exemplary
embodiment of the invention, the laser diodes of light emit
ting source 10 are specially modulated to permit the construc

tion of a rugged, inexpensive cleaning validation system.

As schematically illustrated in the draWing of FIG. 1, the
system includes a light emitting source, generally designated
by the numeral 10. The light emitting array source 10 is

set of Wavelengths is independent of the set of aiming loca
tions. Thus, as illustrated, a rectangular array of emitters, each
With a unique pulse sequence, is used to interrogate an article
to be tested.

the analyte.

mounted on a mast 12, and is directed to emit collimated light
on a target surface 14. The emitted light has a plurality of

relationship. In the spatial relationship shoWn in FIG. 2, the

When used for relative short distances, one of the embodi
65

ments of the system advantageously does not require a light
detector With fragile lenses or focusing optics. In this regard,
it is noted that the light detector 16 advantageously receives
scattered light from the target surface 14 Without intervening

US 7,557,923 B2
7
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focusing optics. The ability to receive and analyze scattered
light Without focusing optics not only reduces cost, it permits

ance betWeen the red and green diodes, a single detector can
be use to detect the scattered light from the target.
FIG. 6 is a schematic depiction of a simpli?ed form of an

use of the system in rugged environments Where there Would
be a high risk of damage to fragile lenses. Nevertheless, if
necessary for long distances or if desired, the system could be

5

used With accessories, such as a compound parabolic concen

laser 20 is used as the light emitting source. The laser 20
directs a collimated modulated light toWard a target surface
22, speci?cally illustrated as a slide. A spatial ?lter 24 is

trator, to enhance the detectability of the scattered light.
Each individual diode of the light emitting source 10 is
modulated to emit a pulse of light With a different orthogonal
pulse sequence that substantially eliminates covariance With

interposed betWeen the laser 20 and target surface 22 to

eliminate stray light output from the laser 20. As the light

pulses from the remaining diodes. This mutually exclusive
sequencing of light pulses from the diodes is illustrated by the

from the laser 20 strikes an analyte on the target surface,

represented by the slide 22, the interaction betWeen the light
and the analyte creates light scatter. A White image plane 26 is
shoWn in the path of the scattered light, Which image plane

Waveforms in FIG. 3 for three diodes.As is apparent from this

graphical representation of the pulse sequences, there is a
unique combination of pulses for any time interval. Such
sequencing makes it possible to measure both total scattered
light and to differentiate betWeen the light scattered from the
various modulations. With such sequencing, it is possible to
detect and distinguish betWeen scattered light from each of
the diodes With a single Wide band light detector 16. More
speci?cally, each of the different Wavelengths of collimated

re?ects the scattered light to a detector 28, speci?cally shoWn
in the form of a digital camera. An aperture 30 is provided in
the image plane 26 to alloW the bulk of the unscattered light to
pass through to a light dump (not shoWn), and to limit the
20

light and the applied pulse sequence, Which is proportional to

of any other Wavelength, and covariance betWeen light at
25

correlation is used to determine the presence or absence of the

analyte on the target surface, and, if the analyte is present, to

by the light detector 16. The light collected by detector 16

further determine Whether the amount of analyte is beloW
30

35

from merely summing the individual Waveforms shoWn in

invention differs from approach taken in traditional spectro
scopic analysis. In traditional analysis, data are captured by a
detector, and thereafter analyZed. In contrast, the present
approach uses preexisting empirically derived analytical
information about the spectral re?ectance characteristics of
an analyte or product, and the analyte or characteristic of
interest is recogniZed When the detected values of scattered

light correspond to the values of that pre-existing empirically
40

derived information. In this Way, a surface or product can be

tested quickly to determine the location, identity and quanti

is representative of the intensity of scattered light from the
target surface at the position and Wavelength speci?ed by the

?cation of an expected analyte or characteristic. To achieve

this result, empirically derived information about the spectral

diode With that modulation sequence.

A simple example Will illustrate hoW the location and exist

acceptable limits.
As may be apparent to those skilled in the art, the present

Waveform of FIG. 4 differs from a Waveform that Wouldresult

FIG. 3. Since the covariance betWeen the light emitted from
the individual diodes comprising the light source 10 is sub
stantially Zero, the covariance betWeen the pulse sequence
applied to each diode and the light detected by the detector 16

the amount of scattered light, is in turn proportional to the
amount of analyte on the target surface 22. In accordance With

the principles of the illustrated exemplary embodiment, this

sequences, other forms of modulation may be used.
FIG. 4 shoWs an exemplary complex Waveform collected

includes light scattered from the interaction of the emitted
light and the analyte on the surface of the target surface 14.
Thus, unlike the Zero covariance of the Wavelengths emitted
from the light emitting source 10, there is covariance in the
light detected by detector 16. For this reason, a comparison
betWeen the Waveforms of FIGS. 3 and 4 shoWs that the

dynamic range of the scattering signal to be captured by the
detector 28.
As shoWn in FIG. 7, the covariance betWeen the collected

light is modulated so that it is uncorrelated to the modulation

differing Wavelengths is substantially eliminated. While the
illustrated embodiment is modulated With orthogonal pulse

equipment setup used to collect scattered light images from a
target surface demonstrating some of the principles of the
invention. In this simpli?ed setup, a helium-neon (HeNe)

re?ectance characteristics of the analyte or product of interest
45

is ?rst identi?ed through traditional spectro graphic methods.

ence of a predetermined characteristic can be identi?ed on a

With that information, discriminating scattering and absorp

target surface. In FIG. 5, a LED array consisting of tWo red
LEDs, IR and 3R and tWo green LEDs, 2G and 4G is sche
matically shoWn illuminating 3 different locations on a target
surface containing a vertical red stripe and a vertical green
strip. Also shoWn in FIG. 5 are the intensity levels recorded by

tion bands of the analyte or product characteristic of interest,
e.g., information about the position and strengths of absorp
tion bands that are unique to the analyte or product of interest
and that can be used to identify and distinguish the analyte or

50

characteristic of interest from other materials or conditions,
are then identi?ed. Wavelengths of collimated light that Will

a single detector for the three positions. In position A, the
scattered signals from the red LEDs IR and 3R are lost
because they miss both the red and green lines. The scatter
light from the green LEDs, 2G and 4G is attenuated because

produce scattered light Within the discriminating scattering
and absorption bands are then selected to be emitted toWard
55

that light is scattered from the red stripe. In position B, the
scattered signals from all LEDs are at their largest because the
red LEDs IR and 3R illuminate the red stripe and the green

Wavelengths needed Will, of course, depend upon the analyte

LEDs, 2G and 4G, illuminate the green stripe. In position C,
the scattered signals from the green LEDs, 2G and 4G are lost

the target surface. Once the appropriate Wavelengths are
determined, the number of diodes, and the position of the
diodes can be determined. The number and frequency of

60

or characteristic of interest. As noted above, hoWever, the
modulations of each of the Wavelengths preferably are

because they miss the target, and the signals from the red

selected so as to be uncorrelated to any other of the Wave

LEDs are attenuated because they are scattering from the red

lengths in order to permit the single Wide band light detector

stripe. As this simple example illustrates, the intensity of the
Further, When the light emitted from the individual LEDs in

to differentiate betWeen scattered light from different diodes.
The light emitting source is then programmed to emit colli
mated light at the Wavelengths chosen to identify and distin
guish the analyte or characteristic of interest at modulations

the array are pulsed so as to substantially eliminate covari

that are uncorrelated to each other.

scattered light ob served by the detector can be used to identify
the existence and location of features on the target surface.

65
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It sometimes is desirable not only to locate and identify an

Matlab generates Hadamard matrices (square, symmetric

analyte of interest, but also to analyZe the concentration of

matrices) if N, N/l2, or N/20 is a poWer of 2. the sequences

that analyte. By mathematical analysis of the spectral re?ec

for example, by doing a principal component analysis and

generated from these matrices are alWays of length N-l (N is
alWays even, so the sequence length is alWays odd). Had
amard sequences generated using this exemplary scheme

least squares regression, the fraction of each Wavelength

have the folloWing properties:

needed to differentiate betWeen different concentrates of the

1)All sequences have an equivalent number of l and 0 (ON
and OFF) states betWeen them. Furthermore, in a particular
sequence, the number of 1 states is alWays one greater than the
number of 0 states;
2) The covariance betWeen all sequences is equivalent; and

tance information for a particular analyte, Which can be done,

analyte of interest can be determined. With that information,
the light emitting source can be coded not only to modulate
uncorrelated Wavelengths, but also to vary the amount of
energy per unit time that is emitted at each Wavelength. This
variation in the amount of energy emitted can be achieved by

3) VARIANCE (i)/COVANIANCE (i, j):—(N—1) for all j

either varying the intensity of emission, or by adjusting the
duty cycle of the modulated signal. In the pulse sequence
illustrated above, for example, the duty cycle of the pulse for

not equal to I, Where N is the length of the sequence, so
covariance betWeen diodes gets loWer as the number of diodes
and sequence length are increased.

selected frequencies could be modi?ed to vary the amount of

The generation of a binary encoding sequence (1 and 0 cod
ing) using Hadamard matrices (+1 and —l coding) Will be

energy emitted per unit time. Optimally, the number frequen
cies emitted and amount of energy emitted per unit time are

described in the folloWing example of multiplexing 7 signal

selected to produce a light detector signal that varies linearly

proportionally With analyte concentration. Thus, by selecting

20

Wavelengths that discriminate the analyte or characteristic of
interest from other expected analytes or characteristics,
modulating the Wavelengths so as to substantially eliminate

covariance, and emitting disparate levels of light energy at
different Wavelengths, the location, identity and concentra

elements. For this situation, a minimum of 7 sequence reso
lution elements is necessary, so an 8x8 Hadamard matrix is

used. The Hadamard matrices generated by the Matlab func

25

tion ‘Hadamard’ have all Is in the ?rst roW and column. After
generation of the matrix, the ?rst roW and column are stripped
to give a 7x7 matrix.

tion of an analyte of interest can be rapidly determined.

In one exemplary embodiment, complementary random
iZed integrated sensing and processing is used to generate
modulation sequences so that by using a single detector, the
identity of the signal originating from each diode light source
and scattered back from the target surface can be uniquely

30

identi?ed (as in ordinary integrated sensing and processing),
but also the total signal integrated over all pulse sequences or

modulation frequencies is directly proportional to the analyte
concentration. In ordinary integrated sensing and processing

35

using Hadamard or orthogonal pseudorandom codes, or sine
Waves of different frequencies, the intensity of all of the
pulses or frequencies is the same. The coding process encodes

spatial and frequency information. By using complementary
randomiZed integrated sensing and processing techniques,
and varying the duty cycle of orthogonal pseudorandom

40

codes, the integrated detector signal can be made directly
proportional to the concentration of a speci?c target analyte.

To accomplish the technique of this exemplary embodiment,
a different table of pulse sequences for each diode is used for

45

each target analyte.
By integrating the detector signal for one pulse sequence

This operation generates the ?nal binary pulse sequences.

length, complementary randomiZed integrated sensing and

This matrix is symmetric, so the roWs or columns give iden
tical sequences. Examination of the covariance matrix of h

processing can be implemented With 0 or 1 pulses. The duty
cycle of the sequences can then be used to control the amount

The matrix elements :1 are then set :0, and the elements I-l
are set :1.

50

of light delivered at each Wavelength. When using this

demonstrates properties 2 and 3 listed above.

scheme, there are as many levels of intensity resolution as

there are bits in the orthogonal pseudorandom pulse
sequence. When there are many diodes in the emitter head, the
pulse sequence is longer and there are more levels of resolu
tion.
In a given position, the sensor could measure the re?ec
tance of a point for a particular Wavelength by turning on the

single laser diode directed at the point and measuring the
photodetector’s response. HoWever, the noise level present in
the photodetector is signi?cant When only one diode is illu
minated. Instead, the coding scheme of this exemplary
embodiment

uses

Walsh-Hadamard

pseudo-random

sequence of light pulses sampled in each position to increase
the signal to noise ratio of samples measured at each point.
Code sequence generation and the inverse transformation
are done using Matlab functions. The Hadamard function in

55
0-1-100-1-1
-1-100-1-10
000-1-1-1-1
-10-1-10-10
0-1-1-1-100
60
-1-10-100-1

>>h=abs(h) [THESEARE THE BINARY PULSE SEQUENCES]
1010101
0110011
1100110
65 0001111
1011010
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The above method for generating binary pulse sequences
can be used to generate N><N sequences, Which is the mini
mum siZe necessary for encoding N elements. This is useful if
the number of elements you are trying to encode happens to

-continued
0 1 1 1 1 00
1 1 0 1 00 1
>> cov(h) [COVARIANCE MATRIX iRATIO OF VAR/COV IS —6

satisfy the constraint that (N+1), (N +1)/ 12, or (N+1)/20 is a
poWer of 2. If this is not the case, any family of sequences With
a greater number of resolution points than the number of
elements you are trying to code can be used. Simply taking

FORALL]
ans =

0.2857 —0.0476 —0.0476 —0.0476 —0.0476 —0.0476 —0.0476
—0.0476 0.2857 —0.0476 —0.0476 —0.0476 —0.0476 —0.0476
—0.0476 —0.0476 0.2857 —0.0476 —0.0476 —0.0476 —0.0476
—0.0476 —0.0476 —0.0476 0.2857 —0.0476 —0.0476 —0.0476
—0.0476 —0.0476 —0.0476 —0.0476 0.2857 —0.0476 —0.0476
—0.0476 —0.0476 —0.0476 —0.0476 —0.0476 0.2857 —0.0476
—0.0476 —0.0476 —0.0476 —0.0476 —0.0476 —0.0476 0.2857

the ?rst N roWs or columns of an MXM encoding matrix

(M>N) gives the desired binary pulse sequences. The prop
erties (i.e., the 3 Hadamard properties described above) of the
sequences generated in this Way are equivalent to those of the
MXM case. For example, if you desire to encode 5 elements

using the method described here, the choices of sequence
If a square encoding matrix is used, the inverse transfor

lengths are 3, 7, 12, . . . . For this case, you could choose the

mation is easily generated the following 2-step process
applied to the encoding matrix (h):
1) Replace each 0 in h by —1

?rst 5 sequences of the 7x7 encoding matrix described above

2) Divide the matrix resulting from step 1 by the constant

(N +1)/2

20

The same result is achieved in Matlab by using the matrix
inverse function ‘inv’
25

>> hinv = inv(h) [INVERSE TRANSFORM]
hinv =

0.2500 —0.2500 0.2500 —0.2500 0.2500 —0.2500 0.2500
—0.2500 0.2500 0.2500 —0.2500 —0.2500 0.2500 0.2500
0.2500 0.2500 —0.2500 —0.2500 0.2500 0.2500 —0.2500
—0.2500 —0.2500 —0.2500 0.2500 0.2500 0.2500 0.2500
0.2500 —0.2500 0.2500 0.2500 —0.2500 0.2500 —0.2500
—0.2500 0.2500 0.2500 0.2500 0.2500 —0.2500 —0.2500
0.2500 0.2500 —0.2500 0.2500 —0.2500 —0.2500 0.2500

An example of a signal encoding/recovery is provided

30

35

plying the ‘sigs vector by h, Which gives the amplitudes of the

memory associated With the processor.
40

form.
>> sigs = [0.1; 0.3; 0.5; 0.02; 0.75; 0.15; 0]
sigs =

0.1000
0.3000
0.5000
0.0200
0.7500
0.1500
0

45

such as a pharmaceutical environment, Where there is a lim
50

55

to inspect pharmaceutical tablets for hardness and moisture
content. Further, unlike more traditional inspection methods,
it is not necessary to limit the inspection to samples. The
above described spectroscopic system and method can deter
mine Whether a particular tablet has certain prede?ned char
acteristics in nanoseconds, and can inspect every tablet manu

>> originalisignal = hinv * encodedisignal

0.1000
0.3000
0.5000
0.0200
0.7500
0.1500
0.0000

expected. In such environments, the above described system
can be used to rapidly inspect products for prede?ned defects
or problems. For example, the system and method can be used

encodedisignal =

originalisignal =

The speed With Which the above describes system and
method detects analytes or characteristics of interest is depen
dent upon the existence and use pre-existing tables containing
spectral emission values. Thus, in environments Where the
nature of an analyte of interest in not easily predictable, it may
be desirable to use the system in conjunction With another
system capable of analyZing a broad range of analytes. This
system can be used independently, hoWever, in environments,
ited number of analytes of interest reasonably can be

>> encodedisignal = h * sigs

1.3500
0.9500
1.3000
0.9200
0.7700
1.5700
0.4200

signals to a spectral database also maintained in memory. The
system can be designed so that an alarm is triggered Whenever

there is a correspondency (or lack of correspondency)
betWeen the scattered light detected and the spectral re?ec
tance values in the spectral re?ectance database stored in

measured signal at each sequence element as the result. The

signal by multiplying the encoded signal by the inverse trans

analyZing the analytes or characteristics of interest, the Wave
lengths and energy levels that Will produce a scattered light
pattern identifying an analyte or characteristic of interest and
distinguishing it from other expected substances or charac
teristics of the target can be identi?ed. By knowing What
Wavelengths to emit, and What scattered light characteristics
can be expected When the emitted light strikes a particular
analyte or characteristic of interest, the light detector signal
(e.g., voltage or current) can be used to directly evaluate
various concentration levels of the analyte. Alternatively,

multiple analytes and spatial characteristics can be deter
mined simultaneously by comparing an ensemble of detector

here. ‘ sigs’ represents amplitudes of 7 signals to be measured,
and a simulated data collection event is generated by multi

original desired signals are recovered from the multiplexed

in the ?rst portion of the example.
The speed With Which the above-described method and
system detects analytes and characteristics of interest is
achieved by the use of stored pulse emission tables containing
pulse sequences in the memory of the processor 17. By pre

factured, Without damaging or Wasting the tablet. This system
60

and method also can be used to inspect sterile or injectable

products, such as medications, IV bags and vials, and deter
mine Whether those types of products have certain expected
characteristics. For example, a vaccine of a particular con
65

centration Would have an expected amount of light scattering.
Each package of the vaccine could be spectroscopically

inspected by the above described techniques, and any pack
age that did not have the expected light scattering could be

US 7,557,923 B2
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a Wide band light detector for detecting light scattered back

inspected immediately upon manufacture, and the manufac
turing stopped immediately if defective product Were

from the target surface, the light detector receiving light
scattered from the target surface Without intervening

detected.
The illustrated system also can be used to determine

focusing optics; and
a processor for calculating the covariance of the scattered

Whether a pharmaceutical or other type of product as a pre

light received by the light detector and predetermined

determined physical feature or location. It may be desirable,

for example, to conduct shape testing for pharmaceutical pills

spectral emission values, using said calculation to gen

or capsules. For this purpose, a table or other database is

erate a signal representative of the presence or absence

stored in memory With empirically derived spatial emission
values representative of at least one discriminating spatial

present, using the light detected by the light detector

characteristic (such as a predetermined shape) or other
attribute of an article to be tested. Modulated light having a

resentative of the analyte concentration.

of the analyte of interest and, if the analyte of interest is
over a multiple of Wavelengths to generate a signal rep

2.A system as recited in claim 1 Wherein the predetermined
re?ectance emission values are empirically derived.
3. A system as recited in claim 2 Wherein the amount of
light energy per unit time emitted toWard the target surface is

plurality of different Wavelengths of collimated light is then
directed toWard the article With different Wavelengths of the
plurality of Wavelengths being uncorrelated to each of the

other modulated Wavelengths. This Will substantially elimi
nate covariance betWeen the light of differing Wavelengths.
Modulated light also is emitted having a plurality of different
aim points With the different modulations being uncorrelated
to each of the other modulated aim points so as to eliminate

varied by varying the intensity of light emitted at different
modulations of the plurality of the Wavelengths.
4. A system as recited in claim 2 Wherein the amount of
20

light energy per unit time emitted toWard the target surface is

covariance betWeen the light of differing aim points. A single

varied by varying the duty cycle of the emitted light.

detector can then be used to detect light scattered back from
the article. A signal (Which can be the presence or absence of
a physical parameter) can then be generated When the scat

5. A system as recited in claim 4 Wherein the light emitting
source modulates each of the pulses of different Wavelengths
With a different orthogonal pulse sequences uncorrelated to
the other modulated Wavelengths, and the amount of light per
unit time emitted toWard the target surface is varied by vary

tered light received by the detector corresponds to the spatial

25

emission values in the tables. In this Way, the system can
determine Whether the article has a predetermined shape or

ing the duty cycle of the pulses.

other physical feature.
The foregoing descriptions of the exemplary embodiments
of the invention have been presented for purposes of illustra
tion and description only. They are not intended to be exhaus
tive or to limit the invention to the precise forms disclosed,
and modi?cations and variations are possible and contem
plated in light of the above teachings. While a number of

30

exemplary and alternate embodiments, methods, systems,
con?gurations, and potential applications have been

35

described, it should be understood that many variations and
alternatives could be utiliZed Without departing from the
scope of the invention. It should be reiterated that not all
aspects of the invention need to be used in combination With
all other aspects, and a variety of combinations of such
aspects are possible.
Thus, it should be understood that the embodiments and
examples have been chosen and described in order to best

tive of discriminating spectral re?ectance characteristics of
an analyte of interest, the signal of the processor being depen
dent upon the correspondency betWeen the scattered light
received by the detector and the spectral emission values in at

de?ned by the claims appended hereto.

least one of the stored tables.
7. A system as recited in claim 6 Wherein the memory has

a plurality of stored tables of spectral emission values, the

plurality of stored tables having spectral emission values
representative of multiple levels of concentration of an ana
40

lyte of interest.
8.A method of analyZing a surface for an analyte of interest

in situ comprising the steps of:
creating a database of spectral emission values representa
tive of discriminating spectral re?ectance characteristics
of an analyte of interest;
emitting modulated light having a plurality of different
Wavelengths of collimated light toWard a surface With
the different modulations of the plurality of Wavelengths

illustrate the principals of the invention and its practical appli
cations to thereby enable one of ordinary skill in the art to best
utiliZe the invention in various embodiments and With various
modi?cations as are suited for particular uses contemplated.
Accordingly, it is intended that the scope of the invention be

6. A system as recited in claim 1 further including a
memory associated With the processor, the memory having at
least one stored table of spectral emission values representa

50

being uncorrelated to each of the other modulated Wave
lengths so as to substantially eliminate covariance

betWeen light of differing Wavelengths;
using a single Wide band detector for detecting light scat

What is claimed is:
1. A system for determining in situ the presence and con

tered back from the surface in at least the ultraviolet,
55

centration of an analyte of interest on a target surface of an

object, comprising:
a light emitting source, the light emitting source being
capable of emitting modulated light having a plurality of
different Wavelengths of collimated light toWard a target

visible light and infrared ranges of the electromagnetic
spectrum; and
generating a signal When the scattered light detected by the
detector corresponds to the spectral emission values in
the database.
9. A method as recited in claim 8 Wherein the plurality of

ent modulations of the plurality of Wavelengths being

Wavelengths of collimated light emitted toWard the surface
are selected to correspond to discriminating scattering and
absorption bands of an analyte of interest.

both uncorrelated to the each of the other modulated
Wavelengths so as to substantially eliminate covariance

10. A method as recited in claim 9 Wherein the light detec
tor receives scattered light from the surface Without interven

60

surface to be tested for an analyte of interest, the differ

betWeen light of differing Wavelengths, and varying in
the amount of light energy per unit time emitted toWard

the target surface;

65

ing focusing optics.
11. A method as recited in claim 9 Wherein the amount of

light energy per unit time emitted toWard the surface is varied

US 7,557,923 B2
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selectively among the different modulations of Wavelengths

20. A method as recited in claim 17 Wherein the selection of

to vary the amount of scattered light from an analyte of
interest as a function of the analyte’s concentration.
12.A method as recited in claim 11 Wherein the selection of

Wavelengths of collimated light emitted toWard the product is
based upon empirically derived data.

frequencies emitted from the light source and the spectral

receives light scattered from the product Without intervening

re?ectance values in the database are empirically derived.

focusing optics.

21. A method as recited in claim 17 Wherein the detector

13. A system for validating cleaning of pharmaceutical

22. A method for determining Whether a product has a

process equipment, comprising:

predetermined physical feature or location, comprising:
creating a database of spatial emission values representa
tive of at least one discriminating spatial emission char

a light emitting source, the light emitting source being

capable of emitting modulated light pulses having a
plurality of different Wavelengths of collimated light

acteristics of a predetermined attribute of a product to be

toWard a target surface of pharmaceutical process equip

tested;
emitting modulated light having a plurality of different
Wavelengths of collimated light toWard a plurality of aim

ment to be tested,

the light emitting source modulating the pulses of each of
the different Wavelengths With a different orthogonal

points on the product to be tested With the different
modulations of the plurality of Wavelengths directed to
each aim point being uncorrelated to each of the other
modulated Wavelengths and each of the aim points being

pulse sequence relative to the other modulated Wave
lengths so as to substantially eliminate covariance

betWeen pulses of differing Wavelength;
a Wide band light detector for detecting light scattered from
the target surface in at least the ultraviolet, visible light
and infrared ranges of the electromagnetic spectrum, the

uncorrelated to each of the other aim points so as to
20

riance of light betWeen differing aim points;

detector being spaced from the light emitting source;
a processor; and

a memory associated With the processor, the memory hav

ing a spectral database of spectral emission values rep
resentative of discriminating spectral re?ectance char
acteristics of an analyte of interest, the processor being

25

14. A system as recited in claim 13 Wherein the light
emitting source includes an array of light-emitting laser
diodes.
15. A system as recited in claim 14 Wherein each of the
diodes in the array is arranged in a predetermined spatial
relationship to the other diodes, With the position of each
diode selected to correspond to a different position of the

tromagnetic spectrum; and

30

object, comprising:
35

light having a plurality of different Wavelengths of col
40

different modulations of the plurality of Wavelengths
lated Wavelengths so as to substantially eliminate cova

riance betWeen light of differing Wavelengths, and vary
45

the different
related to each of the other modulated Wavelengths so as
50

differing Wavelengths;

tered light received by the light detector over multiple
Wavelengths and the pulse sequence applied to each
collimated light emitting array element; and

generating a signal as a function of Whether the scattered
55

a memory associated With the processor, the memory hav

ing a database of empirically derived spectral emission
values representative of spectral emission characteris

re?ectance values in the spectral database.
17. A method as recited in claim 16 further including the

step of selecting the Wavelengths of the emitted light to cor

tics of at least one predetermined concentration of the

respond to discriminating spectral re?ectance characteristics

analyte of interest, the processor being operative to gen
60

18.A method as recited in claim 17 Wherein the selection of

Wavelengths of emitted light is based upon empirical data.

erate a signal representative of the concentration of the
analyte of interest in response to a correspondence

betWeen the covariance of light detected by the detector
over multiple Wavelengths and the pulse sequence
applied to each collimated light emitting array element.

19. A method as recited in claim 17 Wherein the amount of

light energy emitted per unit time is varied at selected of the
emitted Wavelengths to increase the amount of scattered light
as a function of the concentration of the analyte of interest.

focusing optics; and
a processor for calculating the covariance betWeen scat

using a single detector for detecting light scattered back
from the product; and

of the analyte of interest.

ing in the amount of light energy per unit time emitted

toWard the target surface;
a Wide band light detector for detecting light scattered back
from the target surface, the light detector receiving light
scattered from the target surface Without intervening

modulations of the plurality of Wavelengths being uncor

light received by the detector corresponds to the spectral

limated light toWard a plurality of different locations on
a target surface to be tested for an analyte of interest, the

being both uncorrelated to the each of the other modu

characteristic of a predetermined attribute of a pharma

to substantially eliminate covariance betWeen light of

a collimated light emitting array having a plurality of light
emitting elements With each of the light emitting ele
ments being capable of emitting a light pulse corre
sponding to a pulse sequence applied to the element, the

light emitting array being capable of emitting modulated

creating a database of spectral emission values representa
tive of at least one discriminating spectral re?ectance

ceutical product;
emitting modulated light having a plurality of different
Wavelengths of collimated light toWard the product With

database.
23. A system for determining in situ the presence and
concentration of an analyte of interest on a target surface of an

target surface.
16. A method of determining Whether a pharmaceutical

product has a predetermined attribute, comprising:

using a single Wide band detector for detecting light scat
tered back from the plurality of aim points in at least the
ultraviolet, visible light and infrared ranges of the elec

generating a signal When the scattered light detected by the
detector corresponds to the spatial emission values in the

operative to generate a signal in response to correspon

dence betWeen scattered light received by the detector
and the spectral re?ectance values the spectral database.

substantially eliminate covariance betWeen light of dif
fering Wavelengths and to substantially eliminate cova
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